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Introduction
Cellular communication and interactions are 
fundamental processes in the organization, development, 
and maintenance of multicellular organisms.1,2 The 
coordinated functioning of cells within a complex system 
relies on intricate signaling mechanisms that facilitate 
intercellular communication.2,3 An understanding 
of these mechanisms is crucial for unraveling the 
physiological and pathological conditions that govern 
cellular behaviors.3 Recently, the concept of biophoton 
emission has emerged as a potential indicator of cellular 
interactions and pathological states.4 This phenomenon 

suggests that cells communicate with each other through 
the exchange of ultra-weak light signals, providing a 
novel perspective on intercellular communication.4

However, despite the growing interest in biophoton 
emission and its potential implications, there exists a 
notable gap in the current research literature. Specifically, 
prior studies have primarily focused on describing 
the phenomenon and its association with various 
physiological and pathological conditions. Yet, there is 
a distinct lack of comprehensive investigations into the 
intricate relationships between cellular arrangements, 
intercellular communication, and biophoton emission, 
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Abstract
Introduction: Biophoton emission, the spontaneous release of photons from living cells, has 
emerged as an attractive field of research in the study of biological systems. Scientists have recently 
discovered that changes in biophoton emission could serve as potential indicators of pathological 
conditions. This intriguing phenomenon suggests that cells might communicate and interact with 
each other through the exchange of these faint but significant light signals. Therefore, the present 
study introduces intercellular relationships with biophoton release to detect normal and abnormal 
cell functions to further achieve cellular interactions by focusing on cell and cell arrangement in 
disease conditions. 
Methods: Twenty male mice were assigned to control and busulfan groups. Five weeks after the 
injection of busulfan, the testis was removed, and then the stereological techniques and TUNEL 
assay were applied to estimate the histopathology of the testis tissue sections. 
Results: The findings revealed that the ultra-weak biophoton emission in the control group was 
significantly lower than in the busulfan group. The oligospermia mice model showed that it 
significantly changed the spatial arrangement of testicular cells and notably decreased the testis 
volume, length of seminiferous tubules, and the number of testicular cells. The results of the 
TUNEL assay showed that the percentage of apoptotic cells significantly increased in the busulfan 
group. 
Conclusion: The ultra-weak biophoton emission from testis tissue was reduced in oligospermia 
mice. As a result, the decline of ultra-weak biophoton can indicate a change in cell arrangement, 
a decrease in intercellular interaction, and eventually disease. 
Keywords: Photon emission; Spatial arrangement; Spermatogenesis; Apoptosis.
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especially concerning pathological conditions. This 
gap in knowledge represents a critical area for further 
exploration.

Cellular interactions are essential for the proper 
functioning of multicellular organisms. These interactions 
orchestrate various processes, including embryogenesis, 
cancer metastasis, differentiation, diabetes, and 
immunological responses.1,5 Through the expression of 
ligand molecules and cell surface receptors, cells establish 
intercellular arrangements that enable communication 
and coordination of their activities.5,6 Signaling molecules 
play a crucial role in conveying information between 
cells, ensuring their proper functioning and tissue 
development.

Biophoton emission, an intriguing aspect of cellular 
communication, has gained attention in recent 
years. Ultra-weak biophoton emission refers to the 
extremely faint light emitted by living organisms due 
to their metabolic activities.7 This emission arises from 
photochemical reactions and electromagnetic field 
interactions within cells, extending beyond traditional 
signaling mechanisms.8,9 Studies have demonstrated the 
existence of non-thermal electromagnetic waves and 
photons emitted by cells in the visual range, suggesting 
their involvement in cellular interactions.8,9

Notably, variations in biophoton emission have been 
observed in different physiological and pathological 
contexts. For instance, changes in biophoton emission 
have been correlated with physical injury, exposure to 
toxins, and cell division.10,11 These findings highlight the 
potential of biophoton emission as an indicator of cellular 
states, including pathological conditions. Consequently, 
exploring the relationship between biophoton emission 
and cellular interactions could offer valuable insights into 
disease detection and understanding of abnormal cell 
functions.

In light of the importance of cellular interactions and the 
potential significance of biophoton emission, this study 
aims to investigate the intricate relationships between 
cellular arrangements, intercellular communication, 
and biophoton emission in the context of pathological 
conditions. By comprehensively analyzing existing 
research and experimental evidence, we seek to shed light 
on the diagnostic applications of biophoton emission 
and its role in unraveling the complex web of cellular 
interactions. The findings of this study may pave the way 
for new insights into cellular functions, disease detection, 
and personalized medicine.

Therefore, by elucidating these aspects, we aim to 
contribute to our understanding of cellular interactions 
and their connection in oligospermia induced by busulfan 
as compared with normal states.
Materials and Methods
Animals

From the laboratory animal center, 20 male adult NMRI 
mice (27-30 g) were selected for the current study. The 
mice were housed in standard conditions with access to 
water and food. There were two experimental groups 
of mice (10 mice each): I. A control group (C) consists 
of intact animals, and II. The mice were treated with 
busulfan (B) (45 mg/kg, single dose) for 35 days. After 
administering an intraperitoneal injection of 45 mg/kg, 
the mice were euthanized via cervical dislocation for 
subsequent assessments.12

Ultra‑Weak Photon Emission Measurements 
A photomultiplier tube (PMT) (Hamamatsu H10722-
01), [H10722_TPMO1063E], was employed to measure 
the biophotons emitted from the samples. The PMT 
has a spectral response range of 230 nm to 870 nm and 
the maximum response at 400 nm. The gate time for 
collecting the photon signal was set at 1 second. The PMT 
worked at room temperature. The outputs of the PMT 
were recorded by National Instrument Data Acquisition 
(NI-DAG USB 6009) using LabVIEW software. The PMT 
and the sample were stored in a dark room to maintain 
optimum performance, and the power supply and the rest 
electronic setup were located outside the dark room. The 
samples were placed in a diameter polystyrene petri dish 
at a distance of about 3cm from the PMT input window.13

Tissue Preparation
Bouin’s Solution was applied overnight to the testicles. In 
each sample, using hematoxylin & eosin (H&E) (Sigma, 
USA) staining, 10 sections were selected by systematic 
uniform random sampling (SURS). Testicular cells were 
morphologically different for counting purposes.

Volume (mm3) of Testis and Interstitium 
To evaluate testis volume (mm3) and volume (mm3) of 
interstitial tissue, Cavalieri’s principle was used14:

total
aV P t
p

= ∑ × ×

(ΣP) represents the sum of falling points on the sections 
of testis tissue, (a/p) represents the area of individual 
points, and (t) is the distance between sample points.

The Length of the Seminiferous Tubules (/mm2)
Using the following formula, seminiferous tubule length 
density/mm2 was also estimated:

2
v

QL aP
f

∑
=
∑ ×

The total number of seminiferous tubules is ΣQ. The 
area per counting frame size is a/f, and the total number 
of microscopic fields is ΣP.14 
Number of Testicular Cells 
Testicular cell numbers were estimated using optical 
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dissectors.14 Based on the equation below, we calculated 
the numerical density (Nv) of testis cells: 

v
Q tN a BAP h

f

∑
= ×
∑ × ×

(ΣQ) is the number of cells and (ΣP) is the total number 
of microscopic fields; (a/f) is the area per counting frame 
size; (h) is the dissector height; (BA) is the thickness of the 
microtome section and (t) is the section’s real thickness. 
Here is the formula for calculating the total testicular 
cells:

total vN N V= ×

Johnsen Score
According to the Johnsen score, tissue sections were 
categorized based on their histopathological pattern. The 
process of spermatogenesis was evaluated on each slide 
using 100 tubules (Table 1).15

Voronoi tessellation 
Cells are represented by polygon regions. An area was 
drawn around each testicular cell using the ImageJ 
Voronoi Plugin. Testicular tissue microscopic images, 
along with an objective lens of 40 mm, were used to 
determine the closest Voronoi polygon to the testis and 
its area. “ImageJ” was then used to analyze the data. The 
variability of a polygonal region could easily be calculated 
by its variance. A testicular cell distribution can be 
determined by the coefficient of variation (CV, mean 
x 100, standard deviation of polygonal regions). There 
is a random distribution of testicular cells in CV 33 to 
64%. More than 64% of CVs have a cluster distribution, 
while less than 33% have a regular pattern. Rather than a 
statistical comparison, this CV is a classification.16

Coefficient of Error (CE)
The following equation was used to calculate CE (V):

( ) ( )1CE V P−= Σ × 1/2

According to the equation below,14 CE is calculated for 
testicular volume and testicular cells:

( ) ( ) ( )2 2
vCE N CE N CE V = +  1/2 

( ) ( )
( )

( )
( )

( )2 2

2 2

2
1/ 2

1v

Q P QPnCE N
n Q PQ P

       Σ Σ Σ      = × + −       − Σ Σ    Σ Σ       

Covariance Function
The following equation was used to measure the 
covariance function17-20:

( ) ( )
( )

DP XYr
C r X

DP refr
∑

=
∑

The class size of both dipole endpoints (DP) was r = 1 
(4.3 m). Vv, C(r), and g(r) were estimated using distances 
(DP) between 0 and 49. Therefore, there was 210.7 m 
(52.9 x 4.3 = 210.7 m).

Pair Correlation Function
Normalized covariance is determined by dividing the 
covariance by the reference value (squared volume 
fraction), which is described by the pair correlation 
function17-19, 21:

( ) ( )
2

v

C r
g r

V
=

Cross-covariance Function
To quantify spatial arrangement (C(r)X, Y), cross-
covariance is used. The formula below can be used to 
calculate it17-19, 21:

( ) ( )
( )

DP XYr
C r X

DP refr
∑

=
∑

Cross-correlation Function
For volume fraction differences to be eliminated, we 
need to normalize the cross-covariance using the formula 
below17-19, 21:

( ) ( )
( ) ( )v v

C r XY
g r XY

V Xref V Yref
=

×

TUNEL Assay
To determine the percentage of apoptotic cells, the TUNEL 
assay (In-Situ Cell Death Detection Kit, POD; Roche) was 
performed. On poly-l-lysine-coated slides, testis tissue 
sections (5 μm) were mounted and deparaffinized. 50 ml 
of an incubation solution (10–20 mg/mL) reacted with 50 
mL of the TUNEL reaction mixture in a dark, humidified 
chamber after incubating tissue sections with proteinase 
K solution for 30 minutes. 3-amino-9-ethyl carbazole 
(AEC) was applied to tissue sections after washing in PBS. 

Table 1. Histopathological Classification of Testicular Tissue According to 
the Johnsen Score

Score Level of Spermatogenesis

10 Full spermatogenesis

9 Slightly impaired spermatogenesis

8 Less than five spermatozoa per tubule

7 No late spermatids; many early spermatids

6
Few early spermatids; arrest of spermatogenesis at the spermatid 
stage

5 Many spermatocytes

4
Few spermatocytes, arrest of spermatogenesis at the primary 
spermatocyte stage.

3 Spermatogonia only

2 No germ cells, Sertoli cells only

1 No seminiferous epithelial cell, tubular sclerosis
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Hematoxylin was then used to counterstain the sections. 
Apoptotic testicular cells were defined as cells with brown 
nuclei if TUNEL-positive cells were quantified. 

Statistical Analyses
Quantitative data were represented as mean ± SD. 
Kolmogorov–Smirnov tests indicated that all quantitative 
data followed a normal distribution. Consequently, we 
employed t-tests for data analysis, utilizing SPSS software 
version 21.00 (IBM Corp., Armonk, NY, USA). A 
significance threshold of P ≤ 0.05 was applied to all data.

Results 
Ultra-weak Photon Emission Measurements 
In all recorded ultra-weak photon emission 
measurements, the background noise level was measured 
and subtracted from the recorded ultra-weak photon 
emission. The recorded ultra-weak photon emission 
from the control group in a detection time of 5 min. is 
presented in Figure 1. Statistical comparison of the results 
showed that the recorded ultra-weak photon emission 
from the control (0.511 ± 0.301) group was significantly 
different in comparison to the busulfan (0.2 22 ± 0.051) 
group in a detection time of 5 min (P = 0.046). Figure 1 
indicates that induced oligospermia in mice by busulfan 
is associated with a decrease in the integrated ultra-weak 
photon emission.

Stereological Studies
Based on stereological results, the total volume 
(mm3) of the testicle and the length of seminiferous 
tubules (/mm2) significantly decreased in the busulfan 
(12.13 ± 2.21) (2119.7 ± 259.39) group compared to the 
control (21.66 ± 1.27) (3578.7 ± 118.67) group (P = 0.00), 
respectively (Figure 2A and B). As shown in Figure 3A-E, 
the number of spermatogonia, primary spermatocytes, 
round spermatids, Sertoli, and Leydig cells significantly 
decreased in the busulfan (5.95 × 106 ± 1.72 × 106) 
(7.97 × 106 ± 1.55 × 106) (18.25 × 106 ± 3.57 × 106) 
(18.05 × 103 ± 1.74 × 103) (7.73 × 103 ± 0.74 × 103) group 
compared to the control (18.65 × 106 ± 0.79 × 106) 
(27.64 × 106 ± 1.53 × 106) (54.44 × 106 ± 2.68 × 106) 
(23.99 × 103 ± 1.63 × 103) (18.15 × 103 ± 1.65 × 103) group 
(P = 0.00), respectively. 

Histopathological Analysis
The overall histopathological findings showed normal 
spermatogenesis in the control group. As illustrated in 
Figure 4A and B, the injection of busulfan with a dose of 
45 induced severe degenerative alterations resulting in the 
entire depletion of some seminiferous tubules from cells. 
However, there was a significant difference between the 
control (10 ± 0.00) group and the busulfan (7.83 ± 0.75) 
group (P = 0.00) (Figure 4C). 

Figure 1. Ultra-weak photon emission. (A-C) Recorded ultra-weak photon emission from testis tissue in the control and busulfan groups in a detection time of 
5 min (**P < 0.0001). (D and E) A schematic diagram to show the electromagnetic field around testicular cells
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The Spatial Distribution of the Testicular Cells
Voronoi tessellations of testicular cells were shown in both 
the control group and the busulfan group (Figure 5A-E). 
In the busulfan samples, 70% of the polygons of the 
testicular cells in the testis were located between 120 and 
130 μm2. In the control samples, only 45% were within 
˂120 μm2. Busulfan samples also showed that 20% of the 

testicular polygons were located within the range of 120-
130 μm2, in contrast to just 32% of the control samples. 
In addition, in the busulfan samples, 10% of the areas of 
the polygons of these cells were within ˂130 μm2, while 
in the control samples, only 22% of these areas were 
within this size range. Further, the busulfan samples 
showed a lower number of testicular cells in the 120-130 

Figure 2. Testis volume and length of seminiferous tubules. (A and B) Mean ± SD of the total testis volume and length of seminiferous tubules in the study groups 
(***P < 0.001). (C and D) Photomicrograph of the testis stained with H&E. A point grid and counting frame are superimposed over the photomicrograph for 
measuring the volume of the testis and the length of seminiferous tubules (ST)

Figure 3. Total number of testicular cells. (A-E) Mean ± SD of the total number of testicular cells in the study groups (***P < 0.001). (F) Photomicrograph of the 
testis stained with H&E, 40X. Spermatogonia (SG), primary spermatocyte (PS), spermatid (ST), Sertoli cell (SC), Leydig cell (LC)
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μm2 (Figures 5A-E). A high degree of variation (CV) 
was observed in both groups based on the coefficient of 
variation classification (˂33%) (Figure 5A-E). 

Spatial Arrangement of Testicular Cells 
Figure 6A-D shows the correlation functions for pair 
correlation functions and cross-correlation functions for 
testicular cells as a function of dipole distance (r). There 
were significant differences between the busulfan and 
control groups in all of the graphs. Busulfan-induced 
mice’s testicular cells had wider gaps, according to the 
results. Both groups’ data points were randomly arranged 
after the gap at greater distances. An inverse correlation 

is represented by a cross-covariance lower than the line. 
Busulfan has a negative effect on the correlation between 
testicular cells in the oligospermia mice (Figure 7A-E), 
whereas this correlation is positive in the control mice.

Percentage of apoptotic cells
Cell apoptosis was determined using a TUNEL kit. 
TUNEL-positive cell counts illustrated a considerable 
increase in the apoptotic cells in the busulfan group 
(78.8 ± 7.8) compared to the control group (12.4 ± 0.8) 
(P = 0.00) (Figure 8A–C).

Discussion
In this study, we introduced a novel approach to evaluating 
the spatial arrangement of cells and its relationship with 
biophoton emission in healthy mice and a busulfan-
induced oligospermia mice model.11,22-24 Our findings are 
in line with previous research, suggesting a correlation 
between changes in biophoton emission and disruptions 
in the spatial arrangement of testicular cells in the 
oligospermia mice model. Specifically, we observed a 
significant reduction in ultra-weak photon emission from 
the busulfan-induced oligospermia mice, alongside a 
decrease in testis volume, seminiferous tubule length, and 
the number of testicular cells. Furthermore, our Johnsen 
score results indicated severe degenerative changes in 
seminiferous tubules, indicative of oligospermia.

The spatial arrangement of testicular cells was assessed 
by using Voronoi tessellation and second-order stereology, 
revealing notable changes related to both biophoton 
emission and impaired spermatogenesis in the busulfan 
group. These changes may be attributed to impaired cell 
mitosis and meiosis in male germ cells. Importantly, the 
Voronoi tessellation technique demonstrated a distinct 
spatial distribution of testicular cells in the busulfan-
induced mice. Our results strongly support the idea that 
ultra-weak photon emission decreases in response to 
heightened cell death in testicular cells observed in the 
oligospermia groups.

Our study assessed the condition 35 days after inducing 
oligospermia, rather than immediately after induction. 
This temporal aspect is significant, for we aimed to measure 
photon emission as an indicator of cellular activity. Our 
findings indicated a decrease in photon emission in 
oligospermia mice, contrasting the expected increase seen 
during acute phases or inflammation due to elevated ROS 
production.4,11,25 This reduction is likely due to apoptosis 
initiating changes in cell spatial arrangement and tissue 
architecture, subsequently decreasing communication 
between testicular cells. The known effects of busulfan on 
DNA structure, spermatogonial stem cell proliferation, 
and cellular structural components are aligned with these 
findings, supporting the link between cellular function 
and activity.26,27

Although mitochondria are known to generate the 

Figure 4. Johnsen score. (A and B) Photomicrograph of the testis stained 
with H&E (4X, 10X, and 40X). (A) The histopathological findings showed 
normal spermatogenesis in all control autopsies, and the Johnsen score 
was 10. (B) Testicular histopathology in the oligospermia mice induced by 
busulfan had some tubules with slightly impaired spermatogenesis, some 
with less than five spermatozoa per tubule, some with no late spermatids 
and many early spermatids, and some tubules with few early spermatids. 
(C) Mean ± SD of the Johnsen score in the study groups (***P < 0.001)
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majority of ultra-weak photon emissions, our results 
suggested a reduction in emission due to heightened 
cell death in the oligospermia groups.28 While previous 
research has linked ultra-weak photon emission to ROS 
production, our study highlights a different outcome, 
emphasizing cellular communication.27

The role of cellular structures, such as mitochondria 
and microtubules, in generating electromagnetic 
fields and biophotons remains a subject of ongoing 
investigation.25,29,30 Our study contributes to this 
discussion, although further research is needed to fully 
understand these processes and their potential impact on 
cellular function.

The significance of our findings lies in the potential 
implications for understanding disease etiology and 
pathophysiology. If intercellular communication 
through electromagnetic fields holds true, it could 
revolutionize our approach to understanding and 
treating various diseases. This knowledge could have 
profound applications in biology and medicine, offering 
new perspectives on disease mechanisms and potential 
therapeutic avenues.

In conclusion, our study establishes a connection 
between biophoton emission, spatial cell arrangement, 
and oligospermia. We can gain valuable insights into 
the dynamics of cellular activity in response to disease 
by considering our assessment. Although our results 
challenge some significant notions, they offer possibilities 
for future biology and medicine research.
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Figure 5. Evaluation of the Spatial Pattern of Testicular Cells Using Voronoi Tessellation. (A-C) Mean ± SD and Coefficient of Variation (CV) of Voronoi polygon 
area (%) within the testis in the study groups. (D and E) Representative photograph, polygon area, and schematic of Voronoi tessellation of the testicular cells 
in the control (D) and busulfan (E) groups
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Figure 6. Evaluation of the Spatial Arrangement of Testicular Cells Using the Second-Order Stereological Method. (A-D) Communication between pair-
correlation function and cross-correlation functions of dipole distance for testicular cells in the study groups. The mean points are g (r) in the control and 
busulfan groups. The horizontal reference axis relates to values expected for a random spatial arrangement [g(r) = 1]
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Figure 7. The morphologies of testicular cells in the seminiferous tubules. A and B are cartoons that illustrate the morphologies of testicular cells in the 
seminiferous tubules in the testis. (C and D) The data matrix in the control and busulfan groups, Spermatogonia (SG) = 1, primary spermatocyte (PS) = 2, 
spermatid (ST) = 3, Sertoli cell (SC) = 4, Intercellular space (IS) = 5. (E) A micrograph encodes cells to produce a matrix of a transparent lattice of points to serve 
as a set of dipole probes. Each row consists of 50 points and 49 equal distance intervals. For each testis, 11 tests were performed (a total of P = 550 test points). 
For each experiment, the nature of the tissue constituent at each test point was determined, and all data were recorded in 11 × 50 matrices. The point interval 
(r) relates to a distance of 4.3 μm, which has a chance of being in the same cell profile

Figure 8. Apoptotic Cells in the Testes of the Control Group (A) and Busulfan Group (B). Arrows are TUNEL positive cells. Mean ± SD of the percent of TUNEL 
apoptotic cells of testis in the study groups. ***P < 0.001
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